Endocrine-disrupting chemicals (EDCs) are exogenous compounds that modify hormone biosynthesis, causing adverse effects to human health. Among them, phthalates and alkylphenols are important due to their wide use in plastics, detergents, personal care products, cosmetics, and food packaging. However, their conjoint effects over reproductive female health have not been addressed. The aim of this work was to test the effect of chronically exposed female mice to a mixture of three phthalates [bis (2-ethylhexyl), dibutyl, and benzyl butyl] and two alkylphenols (4-nonylphenol and 4-tert-octylphenol) from conception to adulthood at environmentally relevant doses. These EDCs were administered in two doses: one below the minimal risk dose to cause adverse effects on human development and reproduction [1 mg/kg body weight (BW)/d of the total mixture] and the other one based on the reference value close to occupational exposure in humans (10 mg/kg BW/d of the total mixture). Our results show that both doses had similar effects regarding the uterus and ovary relative weight, estrous cyclicity, serum levels of progesterone and 17b-estradiol, and expression of key elements in the steroidogenesis pathway (acute steroidogenic regulatory protein and CYP19A1). However, only the 1-mg/kg BW/d dose delayed the onset of puberty and the transition from preantral to antral follicles, whereas the 10-mg/kg BW/d dose decreased the number of antral follicles and gonadotropin receptor expression. In addition, we observed changes in several fertility parameters in exposed females and in their progeny (F2 generation). In conclusion, our results indicate that chronic exposure to a complex EDC mixture, at environmentally relevant doses, modifies reproductive parameters in female mice. (Endocrinology 159: 1050(Endocrinology 159: -1061(Endocrinology 159: , 2018 
T he absolute number of couples affected by infertility increased from 42 million in 1990 to 48.5 million in 2010 (1) . The causes of infertility linked to the female factor include ovulatory disorders (33%), idiopathic disorders (40%), and tubal factor disorders/endometriosis (27%) (2) . Multiple factors such as the exposure to environmental contaminants can contribute to the origin of unexplained infertility in females (3) . Genome-wide association has shown that numerous diseases are associated with specific genes or gene clusters, several of which have been shown to be expressed in the presence of certain environmental factors such as pesticides or tobacco smoke, stretching the notion that environmental conditions are important to trigger genes that are at the onset of different diseases (4, 5) . In this context, it has been calculated that humans are exposed to ;85,000 chemicals classified as toxic, widely present in commercial use, which pose great risk to the development of many unanticipated diseases (6, 7) . Several studies have shown diverse association of unique environmental factors to some diseases (8, 9) , but most have been assessed in animal models focused on individual compounds or exposure at specific developmental stages. However, these experimental designs do not take into account that humans and animals are exposed to these chemicals throughout life (i.e., from conception to adulthood).
Endocrine-disrupting chemicals (EDCs) are exogenous compounds that alter hormone biosynthesis, causing adverse effects to human health and intact organisms, their progenitors, or offspring (10) . Among the EDCs, phthalates [bis (2-ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP), and benzyl butyl phthalate (BBP)] and alkylphenols [4-nonylphenol (NP) and 4-tert-octylphenol (OP)] are important due to their wide use in plastics, detergents, personal care products, cosmetics, and food packaging (11) . In females, the presence of these compounds has been verified in fetal samples such as placenta, cord blood, amniotic fluid, meconium, and urine (12) and in biological fluids like serum, milk, and follicular fluid in adult samples (13, 14) .
Epidemiological studies have linked infertility problems in women with single exposure to phthalates or alkylphenols (13) (14) (15) , especially due to a diminished ovarian reserve (16) . Nevertheless, there are insufficient data to reveal a clear association between single phthalates and alkylphenol exposure and adverse effects on human female reproductive health, raising a need for studies focused on mixtures of EDCs (17) . At the reproductive age, in the ovary, it is possible to find follicles at different stages of maturation, but only those with a cavity adjacent to the oocyte-antral follicles-are responsible for the production of steroid hormones (18) . Luteinizing hormone binds to its cognate receptor [luteinizing hormone cognate receptor (LHCGR)] present in theca cells of antral follicles and increases the transcription of genes encoding for enzymes responsible for progesterone and androgen (androstenedione and testosterone) biosynthesis, which play an important role in the follicular progression from the preantral to antral follicle (19) . Furthermore, on one hand, the correct expression of the acute steroidogenic regulatory protein (STAR), which transports cholesterol into the mitochondria, is a limiting step. On the other hand, the binding of the folliclestimulating hormone (FSH) to its receptor (FSHR), expressed by granulosa cells, increases the transcription of the gene that encodes P450 aromatase (CYP19A1). The former is an enzyme responsible for irreversibly converting androgens from theca cells into estrogens [(17b-estradiol and estrone)] (20) . Finally, estrogens stimulate follicle growth and ovulation, and its production triggers growth and vascularization of the endometrium, initiating the menarche at puberty and maintaining the menstrual cycles in human and estral cycles in mice (21) .
In vitro and in vivo studies using single exposure to phthalates or alkylphenols have shown that these compounds interfere with the biosynthesis of sex steroids (androgens, estrogens, and progestins), their receptors, and the expression of the enzymes involved in steroidogenesis (22, 23) . Previous studies have shown that prenatal or perinatal exposure to a complex mixture of EDCs containing only phthalates or alkylphenols, along with other chemicals, accelerated the onset of puberty, impaired folliculogenesis, and decreased fertility in female mice (24) (25) (26) (27) . However, some of these data have been contradictory, and the exposure to EDCs occurred during a specific developmental time, which is not comparable to human exposure.
Therefore, in this study, we wanted to evaluate a chronic exposure to a mixture of three phthalates (DEHP, DBP, and BBP) and two alkylphenols (NP and OP) in female mice, from conception to adulthood, at two different doses: (1) one below the minimal risk dose to cause adverse effects on human development and reproduction (28) and (2) one based on the reference value close to occupational exposure in humans (29, 30) . The mixture defined in our work was at least ;100-and ;1000-fold lower than the no observed adverse effect level and low observed adverse effect level values for DEHP to cause adverse effects in humans (31) . In these models, we fully studied the changes in the reproductive health of exposed mice, including the progesterone, testosterone, and 17b-estradiol levels, along with the quantification of messenger RNA (mRNA)/protein levels implicated in the steroidogenesis pathway.
Materials and Methods

Animals
Adult female C57BL/6J of 60 days of age were obtained from the Animal Facility of Pontificia Universidad Católica de Chile and maintained in bisphenol A-free H-TEMP polysulfone cages (TECNIPLAST). The mice were housed under a 12-hour light: 12-hour dark cycle, and temperature was maintained at 22 6 1°C. Food and water were provided for ad libitum consumption. Experiments were conducted in accordance with the rules laid down by the Consortium for Developing a Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching and by the Guide for the Care and Use of Laboratory Animals of National Research Council, and they were approved by the Ethical Scientific Committee for the Care of Animals and the Environment at the Pontificia Universidad Católica de Chile No. 141222004. All animal protocols were endorsed by the Chilean National Fund of Science and Technology (FONDECYT).
Experimental design
The compounds of the mixture used in this study were chosen on the basis that they represent the most abundant phthalates and alkylphenols in everyday products (32, 33) . Doses were chosen based on the nonoccupational and occupational exposure to these compounds between the range of 0.3 mg/kg/d and 143 mg/kg/d (29, 30, (34) (35) (36) (37) . In this way, we generated two doses of this mixture, resembling nonoccupational (1 mg/kg/d) and occupational (10 mg/kg/d) human exposure. It should be noted that these doses are, in relation to the no observed adverse effect level and low observed adverse effect level of DEHP and NP, ;1000 and ;100 times lower, respectively, for endocrine-reproductive adverse effects in humans, rats, and mice (31, 38, 39) (Supplemental Table 1 ).
A bulk stock solution containing three phthalates (DEHP, DBP, and BBP) diluted in DMSO and two alkylphenols (NP and OP) diluted in ethanol was used to prepare the final mixture. The doses were freshly made and administered in the drinking water every other day according to the animal body weight (BW) and throughout the experimental period. The bottle was covered with foil to prevent the photolysis of the compounds. For both vehicle and treatments, the final DMSO and ethanol doses were 2.5 g/kg BW/d and 0.06 g/kg BW/d. In mice, orally tolerable doses have been established at 7.9 g/kg for DMSO and 2.5 g/kg for ethanol (40) .
To emulate chronic human exposure to an environmental mixture of EDCs, we administered the mixture of EDCs or vehicles (control) to pregnant mice from 0.5 postcoital day (biological n) during pregnancy and lactation. At weaning, only females were selected and maintained in a group of three to four individuals per cage. We continued the administration of the mixture of EDCs or control until adulthood (end point: postnatal day 60) (Fig. 1 ).
Reproductive end points
Reproductive end points assessed included age at vaginal opening, age of first estrous cycle, and estrous cycle length.
Estrous cycles were determined via vaginal cytology followed by crystal violet staining (41) and recorded daily for 16-day spans since vaginal opening day. All cycles were measured daily between 08:00 and 10:00 hours.
Fertility assay:estrous cycle was checked in adult females (60 days old), and those in proestrus were placed in a cage with an adult male (.90 days old) of proven fertility (i.e., it had fathered offspring at least once). To evaluate mating, vaginal plugs were checked the next day early in the morning (08:00 to 09:00 hours). All females with vaginal plugs were set apart and placed in a cage (four animals of the same experimental group) for 15 to 18 days. Then, females were separated in individual cages until delivery. Fertility in mice was assayed four times in the same animal, and the delivery rate was obtained by dividing the number of female mice that gave birth by the number of females that presented vaginal plugs. Litter size and sex ratio were recorded. Furthermore, pups were weighed at birth and 21 days old, and anogenital distance (AGD) and serum 17b-estradiol levels were measured at 21 days old. AGD was normalized to cubic root of BW to account for body size effects (42) .
Plasma hormonal levels
At the end of the treatment, females (60 days old) in estrous were weighed and anesthetized by intraperitoneal administration of ketamine/xylazine (80 and 8 mg/kg, respectively). Then, blood samples were collected via cardiac puncture, clotted, and then centrifuged at 2300 g at 4°C for 10 minutes to collect serum. Finally, samples were stored at 280°C until measured. Serum progesterone, testosterone, and 17b-estradiol were measured in duplicate at the Pontificia Universidad Católica de Chile radioimmunoassay service.
The sensitivity and intra-or interassay coefficients of variation (CVs) for the progesterone assay were 154 pg/mL and CVs ,5.2 and ,8.3, respectively; for the testosterone assay, they were 128 pg/mL and CVs ,5.8 and ,10.6, respectively; and those for the 17b-estradiol assay were 34 pg/mL and CVs ,8.4 and ,14.4, respectively. Figure 1 . Chronic mixture exposure model (exposome) on F1 female mice from conception to adulthood. Pregnant female mice (F0) and female F1 descendants were exposed to a mixture of three phthalates and two alkylphenols (DEHP, DBP, BBP, NP, and OP) or vehicle (DMSO and ethanol) in drinking water during all gestation periods and lactation (middle). Furthermore, F1 females were exposed from weaning to adulthood (60 days of age) when, at this point, treatment was suspended, fertility was assessed, and samples were collected for analyses.
Tissue collection and body and organ weights
After blood collection, females were euthanized by cervical dislocation, and uterus and ovaries were aseptically removed, cleaned of interstitial tissue, and weighed. Relative organ weights were calculated by dividing the weight of the uterus or ovaries by the body weight at the euthanasia time. Body and organ weights were recorded in grams.
Histological evaluation of the number of preantral and antral follicles For this evaluation, collected ovaries were fixed in Bouin's solution (Sigma-Aldrich). Then, samples were dehydrated and embedded in paraffin, and serial sections of each ovary were cut (8 mm) using a microtome followed by mounting onto glass slides and stained with the hematoxylin/eosin protocol. Finally, samples were rehydrated and mounted. For follicle counting, from each set of serial sections, four sections were counted for each ovary (the interval between sections was approximately 100 mm apart to avoid counting follicles twice) (43) . Pictures were taken under a CX31 microscope (Olympus, Japan) with a Mshot camera (Guangzhou, China). The count of follicles and corpora lutea was based on previously defined criteria (44, 45) . Briefly, preantral follicles contain an oocyte surrounded by at least two layers of cuboidal granulosa and theca cells, whereas antral follicles contain an oocyte surrounded by multiple layers of cuboidal granulosa cells with fluid-filled antral space and theca cells. Corpora lutea were identified by the hypertrophic aspect and large volume of cells.
RNA extraction and real-time polymerase chain reaction
Total RNA was isolated from ovaries that were collected in estrous using TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. The quantity and integrity of total RNA were determined by a Thermo Scientific Nanodrop 2000 spectrophotometer. Real-time reverse transcription was used to verify gene expression using an Applied Biosystems 7500 thermal cycler. Complementary DNA was generated from 1 mg RNA using random primers and M-MLV Reverse transcription (Promega, WI), as well as after 1 mL complementary DNA was used for a 10-mL polymerase chain reaction reaction mixture containing 1 mM of primers (see sequences in Supplemental Table 2 ) and 23 SyBR Green Fast qPCR Master Mix (Biotool, TX). Polymerase chain reaction was carried out over 40 cycles at 95°C for 3 seconds and 60°C for 15 seconds. Expression data were normalized using the 2 2ΔΔCt method (46) with Gapdh and b-actin as endogenous reference genes.
Protein extraction and Western blotting
Protein extraction was performed by homogenizing ovaries (collected in estrous) in radioimmunoprecipitation assay buffer, adding a protease inhibitor cocktail (Sigma) and a phosphatase inhibitor cocktail with 2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 0.3 mM aprotinin, 130 mM bestatin hydrochloride, 14 mM E-64, 1 mM EDTA, and 1 mM leupeptin hemisulfate. Proteins were purified by centrifugation at 12,000 3 g at 4°C for 10 minutes and subsequently quantified. After that, 20 mg of proteins was separated by electrophoresis on a 10% polyacrylamide gel (sodium dodecyl sulfatepolyacrylamide gel electrophoresis) under denaturing and reducing conditions and then transferred to a nitrocellulose membrane (Thermo Scientific) at 350 mA for 2 hours. Next, membranes were blocked with a solution of 3% (w/v) nonfat milk or bovine serum albumin 0.1% (v/v) Tween in Trisbuffered saline, pH 7.4, and incubated overnight with the respective primary antibodies for CYP19A1, LHCGR, and STAR (Abbexa, Cambridge, UK); FSHR and androgen receptor (AR) (Santa Cruz Biotechnology, TX); and B-TUBULIN (Sigma) as a loading control (Table 1) . Finally, a second incubation took place with their respective secondary antibodies conjugated with horseradish peroxidase (KPL, Gaithersburg, MD) diluted 1:5000 in a blocking solution for 1 hour at room temperature. Peroxidase activity was detected by enhanced chemiluminescence (Pierce Biotechnology, Rockford, IL).
Statistical analysis
To evaluate if the data were normally distributed, the D'Agostino and Pearson omnibus normality test of GraphPad Prism 5 tests (GraphPad Software, San Diego, CA) was used. For mean comparisons, we used analysis of variance to conduct multiple comparisons between normally distributed experimental groups, followed by Tukey posttest to discriminate groups. Kruskal-Wallis test followed by the Dunn posttest was used for comparison between groups if data were not normally distributed. Statistical significance was defined as P , 0.05.
Results
Exposure to a mixture of EDC changes in F1 female pubertal outcomes First, we determined if the chosen doses were lethal or had unwanted side effects during pregnancy. Data showed that the increase of BW during pregnancy was similar in females exposed to both doses of the mixture (1 or 10 mg/kg/d) compared with controls (females only exposed to vehicle) (Supplemental Fig. 1A ). In addition, exposure to the mixture of EDCs did not change gestational length, the number of litter size, or the average of BWs at birth of the F1 generation compared with the control group (Supplemental Fig. 1B-1D) . Therefore, exposure of pregnant dams to the 1-or 10-mg/kg mixture of EDCs did not affect general pregnancy parameters. Next, we evaluated F1 female parameters related to sexual development. We found that F1 females exposed to the 1-mg/kg/d mixture of EDCs showed a substantial average delay of 5 days in vaginal opening compared with control ( Fig. 2B and 2E) . Interestingly, in the same animals, we detected an increase of the presence of a vaginal thread, a thick cord of mesenchymal tissue surrounded by epithelial cells that cross the vaginal opening (47, 48) ( Fig. 2A and 2C ). On the contrary, females exposed to the 10-mg/kg/d dose did not show any representative delay in vaginal opening or a vaginal thread ( Fig. 2A-2C and 2E) . Moreover, female mice exposed to the 1-mg/kg/d mixture of EDCs showed an important delay of 6.5 days in the first estrous, but those exposed to the 10-mg/kg/d mixture were similar to control (Fig. 2D and 2F ). Once they reached the first estrous, female mice exposed to vehicle showed a characteristic 4-to 5-day estrous cyclicity (Fig. 2G, top panel) . However, those exposed to the mixture of EDCs, regardless of the dose, had a decrease in the number of cycles recorded over the studied period (16 days), along with an increase in the number of days expended at the estrous phase and decrease of the other phases (Fig. 2G-2I ). Overall, these data suggest that chronic exposure to a mixture of phthalates and alkylphenols modifies, in a dose-dependent manner, female mouse sexual maturation (vaginal opening, age of first estrous, and estrous cyclicity), suggesting changes in ovarian function and probably fertility.
Effect of exposure to a mixture of EDCs in ovarian function of adult females First, we recorded ovarian and uterus weight in adult females exposed to the mixture of EDCs (60 days). Results showed that the uterus relative weight was higher in exposed females compared with control, but the opposite (lower relative weight) was observed in ovaries ( Fig. 3A-3D ). On the one hand, the quantification of follicle types in the whole ovary showed that females treated with the 1-mg/kg/d dose had a substantial increase in the number of preantral follicles (Fig. 3E) and a decrease in the number of antral follicles and corpora lutea ( Fig. 3F and 3G ) compared with control. On the other hand, in females treated with the 10-mg/kg/d dose, a decrease in the number of antral follicles was detected (Fig. 3F) , and there were no changes in the number of preantral follicles or corpora lutea compared with control ( Fig. 3E and 3G ). These data suggest that a low dose of mixture of EDCs (1 mg/kg/d) reduced the progression of follicles to the antral stage, whereas a high dose had an effect on the antral stage.
Females exposed to a phthalate and alkylphenol mixture present changes in the levels of steroidal sex hormones Next, we investigated whether the impairment of reproductive parameters observed in exposed females was related to changes in reproductive hormones. Our data showed that plasma levels of progesterone and 17b-estradiol, but not testosterone, were significantly reduced in adult female mice exposed to both doses of the mixture of EDCs compared with control ( Fig. 4A-4C) .
Later, to explain the changes in plasma progesterone and 17b-estradiol levels, we evaluated whether the mRNA or protein levels of the receptors and enzymes involved in biosynthesis of these steroids were altered in the ovaries of exposed females. Results showed that LHCGR and FSHR mRNAs and protein levels solely decreased in ovaries of females exposed to the 10-mg/kg/d dose compared with control (Fig. 5A , 5B, 5F, and 5G). In addition, we found that the mRNA (Fig. 5C ) and protein levels (Fig. 5H ) of STAR were significantly lower in ovaries of exposed mice to both doses of the mixture of EDCs compared with control. Furthermore, we evaluated Cyp17a1 mRNA implicated in 17a-hydroxylase and 17,20-lyase activities, as well as Hsd17b implicated in the reduction and dehydrogenation of 17-ketosteroids and 17b-hydroxysteroids, respectively. Results showed an increase of the mRNA levels of Cyp17a1 in ovaries of mice exposed to both doses, whereas mRNA levels of Hsd17b were similar to control (Supplemental Fig. 2A and  2B) . Similarly, the mRNA and protein levels of CYP19A (aromatase) were found diminished in ovaries of mice exposed to both doses of the mixture (Fig. 5D and 5I) . Interestingly, on one hand, the mRNA and protein levels of the AR significantly decreased only in those females treated with the 10-mg/kg/d dose ( Fig. 5E and 5J ). On the other hand, the mRNA levels of the estrogen receptor (Esr1) were significantly reduced in ovaries of mice exposed to both doses (Supplemental Fig. 2C ). Therefore, changes in the plasma levels of 17b-estradiol and progesterone could be due to alterations in the mRNA that is responsible for encoding the enzymes involved in the steroidoigenic pathway and cholesterol transport.
Phthalate and alkylphenol mixture altered fertility of exposed female mice
Given the above data, we wondered whether the exposure to the mixture of EDCs induced fertility problems in adult female mice (60 days old) or alterations in their offspring. Control and exposed adult females were left in a cage with a nonexposed adult male (.90 days old) of proven fertility. Data showed that control and exposed females had evidence of copulation (vaginal plug), but regardless the dose, a slight decrease in the delivery rate was observed in exposed females ( Table 2 ). The gestational length was shortened at both doses, and there was a decrease in litter size and an increase in pups' mortality (F2 generation) of F1 female mice exposed to 1 mg/kg/d but not https://academic.oup.com/endoto 10 mg/kg/d. Furthermore, BW of pups (F2 offspring) was significantly reduced in both treatments (;10%), and this reduction in weight was even more pronounced at 21 days old (;17%) only in F2 offspring of female mice exposed to 1 mg/kg/d (Table 2 ). To predict neonatal and adult reproductive disorder in F2 offspring, we determined the AGD. Males aged 21 days exposed to 1 mg/kg/d showed a decrease in AGD compared with control mice. However, , where preantral follicles (arrowhead), antral follicles (arrow), and corpora lutea (asterisk) can be seen. An increase was observed in the number of (E) preantral follicles and a decrease in the number of (F) antral follicles and (G) corpora lutea in exposed females compared with the control. The mean 6 standard error of the mean values are shown. n $ 4, *P , 0.05. The bar corresponds to 500 mm at 340 magnification. Figure 4 . The mixture of phthalates and alkylphenols alters levels of steroid hormones. Levels of 17b-estradiol, progesterone, and testosterone measured by radioimmunoassay in blood of adult female mice exposed to the mixture and control. A decrease in the plasma levels of (A) progesterone and (C) 17b-estradiol in adult female treatment groups compared with control was observed. (B) No changes were observed in testosterone plasmatic levels. The mean 6 standard error of the mean values are shown. n $ 4, *P , 0.05.
the female AGD was significantly reduced in pups born from females exposed to both doses of the mixture of EDCs (Table 2 ). In the same manner, a decrease of 17b-estradiol plasma levels was observed in females at 21 days of age ( Table 2 ). All these data indicate that fertility in mice exposed to the mixture of EDCs is compromised, and there is a generational effect in the offspring.
Discussion
In this study, we show that chronic exposure to a mixture of phthalates and alkylphenols at low doses relative to levels of human exposure deregulates levels of progesterone and 17b-estradiol in female mice by changing the expression of enzymes involved in their synthesis and modifying follicle progression and estrous cyclicity. Interestingly, exposure to the lowest mixture of EDCs (1 mg/kg/d) resulted in a more deleterious phenotype, showing additional effects in the delay of puberty and decreased fertility. Data presented in this work indicate that the mixture containing phthalates and alkylphenols did not cause gestational difficulties in F0 females because exposed dams successfully gave birth to live litters comparable to controls. This indicates that the phthalate and alkylphenol mixture exposure did not cause gestational damage or fetal toxicity. Epidemiological data of different cohorts have shown changes in the timing of puberty, thelarche, and menarche associated with the exposure to phthalates and phenols (49, 50) . A precocious puberty or a delay in puberty can result in diseases such as infertility, obesity, and cancer. However, the epidemiological studies fail to demonstrate a direct association between EDC exposure and changes in the reproductive parameters. Data of the present work show that chronic exposure to 1 mg/kg/d of phthalates and alkylphenols delays the vaginal opening and first estrous, which are external signs of puberty in female mice (51) . The onset of puberty is related to the beginning of the secretion of gonadotropin-releasing hormone (GnRH) and the activation of the hypothalamus-pituitarygonadal axis (52) , and previous studies have shown that exposure to single phthalates altered the levels of GnRH in the hypothalamus and its receptor in the pituitary (53, 54) , thus changing the production of gonadotropins and puberty onset. Further studies should be done to determine the levels of GnRH, FSH, and luteinizing hormone in mice exposed to both doses of the mixture of EDCs to decipher the participation of hypothalamus-pituitary-ovarian axis in this process and regulate puberty in humans and animal models.
In addition, we observed prolonged estrous cycles in female mice exposed to both doses of the mixture, which is another sign of infertility problems in the adult. This alteration in the estrous cycle may be due to either an indirect consequence of hormonal alterations observed in the exposed mice or a direct action of the mixture on the uterus and/or the vagina. Previous works have shown that exposure to a low or high dose of single phthalates and alkylphenols is related to disruption in the estrous cyclicity (55) (56) (57) (58) . In this sense, our work shows the same results as a previous one where females were exposed to a mixture of six phthalates from gestational day 10 until birth (27) . Because the desquamation of the cells observed during the estrous phase is induced by an increase of 17b-estradiol levels, and our data indicate that in treated females, there is a decrease of this hormone in plasma, it is probable that what is observed as persistence in estrous in the treated females is no more than an estrogenic and direct effect of the mixture on the vaginal epithelium and not a consequence of the disruption of the hypothalamicpituitary-ovary axis. This same hypothesis could also explain the observed increase in uterine size, which was also seen in a previous study with a mixture of phthalates at a dose similar to that of the current study (27) . In addition, both NP and OP, two of the compounds contained in the mixture, induce uterine growth in vivo (22, 59 ).
In the current study, we observed a reduction in the ovary weight, which could be explained as due to a reduction in the number of total antral follicles in mice exposed to both doses. One possible explanation, on one hand, is that as a result of lower levels of Esr1 mRNA (and probably lower levels at the protein level), the proliferation signaling cascade elicited by this receptor is not turned on in these mice, and therefore the granulosa cells in the follicle do not increase in number and block the antrum formation. On the other hand, because androgen signaling is crucial to follicle development (60) , and phthalates and alkylphenols have been reported to bind to AR (61), it is possible that they also block the signaling event elicited by this receptor, hampering follicle development and decreasing ovary size.
Interestingly, exposure to the 10-mg/kg/d dose did not alter preantral follicle numbers but decreased antral follicle numbers, which differs from previous studies where single exposure to DEHP or NP modified the number of preantral follicles (56, 62, 63) . This difference could be due to the exposure time or that previous works have been done with single compounds and not a mixture of phthalates and alkylphenols like the present work. The results of the current study are similar to those reported in female mice lacking the AR (ARKO), with a decrease in the antral follicle numbers but without changes in the preantral follicle numbers (64) . In ovary, AR signaling induces the activation of the insulin pathway via PI3K, promoting the expression of the steroidogenic enzymes such as CYP19A1 (65) , which acts cooperatively with gonadotropins to induce steroidogenesis by an increase in the number of FSHR and LHCGR (66, 67) . Here we observed a decrease in the expression of the AR at the mRNA and protein levels, which could account for the observed effects of these mice and explain the similarity with the ARKO model. In this way, the reduced Ar mRNA expression could explain the observed decrease in FSHR, LHCGR, and CYP19A1 at the mRNA and protein levels. One possible mechanism, on one hand, is that this mixture induces alterations in insulin signaling upstream of the steroidogenesis due to an Ar mRNA decrease, which mimics the phenotype of the ARKO mouse (64) . Thus, a reduction in Ar mRNA results in decreased levels of the AR, insulin signaling, steroidogenesis, and loss of antral follicle probably due to an increase in apoptosis (60) . Also, it is feasible that the reduction of the Ar mRNA levels is due to a disruption in the expression levels of the promoter because genomic and epigenomic mutations have been found in both mice and rats exposed to phthalates (25, 68) .
On the other hand, the 1-mg/kg/d mixture inhibits and/or reduces the progression of the preantral to antral follicle, which is consistent with a previous report in pregnant mice exposed to 5 mg/kg/d DEHP (69) . Furthermore, in mice exposed to the 1-mg/kg/d mixture, we observed a decrease in corpora lutea, suggesting a failure in the progression of folliculogenesis. Previous studies have shown that DEHP exposure decreases the number of antral follicles by increasing atresia and apoptosis of granulosa cells (23) . However, in the present work, this decline in antral follicles could be explained by a reduction in the preantral-to-antral transition rather than increasing atresia or apoptosis. On one hand, female mice exposed to the 1-mg/kg/d mixture did not show a decrease in mRNA or protein levels of FSHR and LHCGR, suggesting that preantral follicles are fully responding to gonadotropin stimulus. On the other hand, we observed a decrease in progesterone and 17b-estradiol plasma levels and also the expression of mRNAs and proteins levels of STAR and CYP19A1. Interestingly, we also observed an increment in the levels on Cyp17a1, which could be a kind of compensatory mechanism to maintain the levels of androstenedione while not affecting testosterone levels. Because 17b-estradiol is key to promote follicle growth, it is possible that the decrease in the levels of this hormone is due to a reduction in the Cyp19a1 mRNA expression levels. This finding is in agreement with previous studies showing a decrease in the levels of Cyp19a1 mRNA in female mice exposed to DEHP (58, 69, 70) . Alternatively, it is possible that the mixture impairs LHCGR signaling and/or the expression of cell cycle cyclins, thus impairing follicle growth, which is similar to the effect of elevated concentrations of FSH in the prepuberal ovary (71) . Therefore, further studies are required to determine the mechanism by which this mixture of phthalates and alkylphenols reduces the levels of CYP19A1 and in this manner possibly controls the preantral-to-antral follicle transition.
In the present work, we reveal a decrease in fertility in females exposed to a mixture of phthalates and alkylphenols (F1-exposed generations), which agrees with previous reports showing that chronic occupational exposure in women to single phthalates is associated with decreased rates of pregnancy and high rates of miscarriage (72, 73) . In exposed female mice, a decrease in the fertility (delivery percent) was more noticeable with the lowest dose (Table 2) , and more interestingly, female offspring (F2 generations) exposed to both doses of the mixture of EDCs presented a decrease in anogenital distance and in the 17b-estradiol serum levels, which is a marker of endocrine disruption in the offspring and multigenerational effects (24) . Therefore, these data suggest that a mixture of EDCs can alter germline epigenetic programming in a similar way reported by single exposure to phthalates and alkylphenols (25, 69) . In addition, it shows that chronic exposure to EDCs induces changes in fertility that may a pose risk to the development of other pathologies such as cancer.
In summary, our data demonstrate that chronic exposure to a mixture of phthalates and alkylphenols at an environmentally relevant dose, from prenatal to adult life in female mice (the exposome paradigm), induces changes in the steroidogenesis pathway and estrous cyclicity and is dose dependent of the levels of the gonadotropin receptor, follicle development, puberty onset, and fertility. These results indicate that not only exposure but also its level is relevant to assess the effective contribution of EDCs in the development of diseases.
